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Bas Groot Koerkamp, Eran Sadot, Nancy E. Kemeny To investigate whether perioperative hepatic arterial infusion pump chemotherapy (HAI) was associated with overall survival (OS) in patients who had a complete resection of colorectal liver metastases (CLM).
Methods
Patients who underwent a complete resection of CLM between 1992 and 2012 were included from a single-center prospectively maintained database. All patients who received HAI also received perioperative systemic chemotherapy. Propensity score analysis was used to match patients for seven known prognostic factors.
Results
A total of 2,368 consecutive patients underwent a complete resection of CLM, with a median followup of 55 months. The median OS for patients with HAI (n = 785) was 67 months versus 44 months without HAI (n = 1,583; P , .001), despite more advanced disease in the HAI group. OS at 10 years was 38.0% versus 23.8% without HAI. For patients who received modern systemic chemotherapy (n = 1,442), the median OS was 67 months with HAI and 47 months without HAI (P , .001). The hazard ratio adjusted by propensity score demonstrated longer OS with HAI: 0.67 (95% CI, 0.59 to 0.76; P , .001). A pronounced difference in median OS was found for patients with node-negative colorectal cancer (129 months with HAI v 51 months without; P , .001) and a low clinical risk score of 0 to 2 points (89 months with HAI v 53 months without; P , .001).
Conclusion
Patients who received HAI had a median OS of approximately 2 years longer than patients without HAI. The strong association was independent of the use of modern systemic chemotherapy and remained in propensity score analysis. Patients with node-negative primary tumors or a low clinical risk score seemed to benefit most from HAI.
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INTRODUCTION
Colorectal cancer is the third most common cancer in the United States, with an annual incidence of 137,000 patients. The majority of these patients present with or eventually develop colorectal liver metastases (CLM). 1 Patients with resectable CLM have a 10-year overall survival (OS) of approximately 20%. 2 Unfortunately, most patients develop recurrent disease after resection. 2 Perioperative systemic chemotherapy is generally recommended to avert or delay recurrence, although randomized controlled trials (RCTs) have failed to demonstrate a difference in OS. 3, 4 Among the patients who develop a recurrence after resection of CLM, the liver is the only site of initial recurrence in approximately half of patients. 5 Therefore, adjuvant regional chemotherapy administered in the hepatic artery has been investigated. The biologic rationale for hepatic arterial infusion pump chemotherapy (HAI) is that the hepatic artery, rather than the portal vein, provides most of the blood supply to CLM. 6 Moreover, drugs such as floxuridine (FUDR) have a high first-pass extraction in the liver, allowing a high dosage in the liver with minimal systemic exposure. 7 HAI can be administered via a surgically implantable subcutaneous pump with a catheter in the gastroduodenal artery. If HAI is used, systemic chemotherapy is also used. A phase III RCT at Memorial Sloan Kettering Cancer Center (MSKCC) found a 2-year OS of 86% for patients who were treated with both systemic fluorouracil (FU) and HAI-FUDR compared with 72% with systemic FU alone after resection of CLM (P = .03). 8, 9 A multicenter RCT found a statistically significant reduction in recurrence-free and hepatic recurrence-free survival after resection in patients treated with adjuvant HAI plus systemic chemotherapy as compared with surgery alone. 10 A third multicenter RCT used HAI 5-FU instead of FUDR and was closed prematurely when no difference was found at interim analysis.
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The main criticism of these RCTs was that they were performed before the introduction of modern systemic chemotherapy such as oxaliplatin and irinotecan. Therefore, adjuvant HAI for CLM has not been widely adopted. We have continued to study HAI combined with modern systemic chemotherapy in phase I and II trials with favorable results. [12] [13] [14] [15] [16] In the current study, we evaluated all consecutive patients who underwent complete resection of CLM during a 21-year period at a single center and compared patients with and without perioperative HAI. The first objective was to investigate whether perioperative HAI is associated with OS using propensity score analysis. The second objective was to characterize subgroups of patients who may benefit the most or least from HAI.
METHODS
Patients
From 1992 to 2012, consecutive patients who underwent a complete resection of CLM were included from a prospectively maintained liver resection database at MSKCC. Patients with macroscopic residual disease after resection or treated exclusively with ablation were excluded. Patients with unresectable CLM at presentation were included if they eventually had a complete resection of CLM after downstaging. Patients with completely resected extrahepatic disease (EHD) diagnosed before or at the time of liver resection, as well as patients with postoperative mortality, were included. The study was performed after approval by the Institutional Review Board of MSKCC.
Variables
Clinical and pathologic data were collected prospectively. Disease-free interval was defined as the period from resection of the primary colorectal cancer to diagnosis of CLM. When CLM were diagnosed at the time of resection of the primary tumor they were classified as synchronous. Patients with node-positive primary tumors were further classified as N1 or N2 according to the seventh edition of the American Joint Committee on Cancer staging. 17 The number and maximal diameter of CLM were derived from the pathology report. Tumors with a complete pathologic response were included in the total tumor count. Tumors ablated at the time of curative-intent resection were also added to the total tumor count. The serum carcinoembryonic antigen level was collected as the highest value in the 3 months before resection. These five prognostic factors were combined in the clinical risk score (CRS) as described previously. 18 Patients were further subdivided on the basis of the CRS into low risk (0 to 2 points) and high risk (3 to 5 points). The closest hepatic resection margin was measured down to tenths of a millimeter. A positive margin was defined as the presence of tumor cells at the surgical resection margin. EHD was defined as any completely resected colorectal cancer outside the liver diagnosed before or at the time of liver resection.
Work-Up and Treatment
Preoperative imaging included cross-sectional imaging with contrastenhanced computed tomography (CT) and/or magnetic resonance imaging of the abdomen and pelvis and CT of the chest. Fluorodeoxyglucose-positron emission tomography (PET) scans were used selectively at the discretion of the treating physicians. Intraoperative ultrasound was routinely performed. Lymphadenectomy of the hepatoduodenal ligament was performed selectively when lymph nodes appeared suspicious on imaging or intraoperatively. 19 Two-stage resections were performed as previously described. 20 Systemic chemotherapy regimens varied over time and were determined by the treating medical oncologist on the basis of guidelines, previous chemotherapy history, and ongoing clinical trials. Modern chemotherapy was defined as regimens containing oxaliplatin or irinotecan. Adjuvant systemic chemotherapy was defined as systemic chemotherapy starting within 3 months after resection of CLM. Preoperative systemic chemotherapy was defined as systemic chemotherapy within a 3-month period before resection of CLM.
All patients receiving HAI were scheduled to receive 5-FU with or without additional systemic chemotherapy such as irinotecan or oxaliplatin. 8 A switch to systemic chemotherapy alone only happened when the patient could no longer tolerate HAI. Patients were selected for HAI in the setting of clinical trials or outside trials at the discretion of the treating physicians. The implantable pump was placed at the time of resection and positioned subcutaneously in the abdominal wall, with the catheter tip typically positioned in the gastroduodenal artery as previously reported. 8 Bilobar hepatic perfusion and lack of extrahepatic perfusion were confirmed by both intraoperative dye testing and postoperative technetium-99-labeled macroaggregated albumin nuclear medicine scanning. Patients with extrahepatic perfusion were evaluated angiographically and aberrant branches embolized with retesting before treatment. Patients received intra-arterial FUDR, with six cycles scheduled. Patients who did not complete all six cycles or who never received HAI because of technical failure remained in the HAI group for all analyses. HAI was mostly administered in the adjuvant setting after complete resection of CLM but was also administered preoperatively for patients with unresectable disease at presentation. 12 Patients who had a pump placed for HAI at the time of recurrence after resection of CLM but did not receive perioperative HAI at the time of the initial hepatic resection were analyzed in the no-HAI group. The pump was typically removed after 2 years follow-up. A pump was rarely removed earlier unless it caused substantial discomfort to the patient or if the pump became nonfunctional.
Statistical Analyses
Propensity score analysis was performed using seven known independent prognostic factors. 21 Quartiles of the propensity score were estimated using sex, age, year of resection, presence of extrahepatic disease, number of resected or ablated tumors, size of largest resected tumor, and margin status. All continuous prognostic factors (eg, age) were used as continuous variables. Imputation was not required for propensity score analysis, because the data were 98.5% complete for all seven covariates.
Prognostic factors between patients with and without HAI were compared using the Fisher's exact or x 2 test. OS from any cause was the outcome of interest for all analyses and was defined as survival in months from the date of the first resection of CLM to the date of death. Patients alive were censored at the date of last follow-up. Kaplan-Meier estimates and the log-rank test were used to compare the association between dichotomous and categorical prognostic factors and OS. Comparisons of median OS at 5 or 10 years were performed using the asymptotic results that complimentary log-transformation of Kaplan-Meier estimates are normally distributed and using a z-test to compare the two transformed survival probabilities.
All analyses were performed using SPSS (IBM, version 22 for Mac) or R (version 3.0.2). A P value , .05 was considered statistically significant.
RESULTS
Patients
Between 1992 and 2012, 4,915 patients underwent a liver resection at MSKCC, of whom 2,368 patients underwent a curative-intent resection of CLM. Forty-five patients (1.9%) were excluded because of having macroscopic residual disease. Most patients (2, 193, 92 .7%) received preoperative and/or adjuvant systemic chemotherapy; 1,196 patients (50.5%) received both preoperative and adjuvant systemic chemotherapy. A total of 1,583 patients (66.8%) were treated without HAI, and 785 patients (33.2%) were treated with HAI. Table 1 compares baseline characteristics and systemic treatment between patients treated with and without HAI. Patients with HAI were more likely to have advanced disease, such as N2 disease, higher number of tumors, or synchronous CLM. Furthermore, the rates of two-stage resection and the use of intraoperative ablation were higher in the HAI group. Patients in the no-HAI group were older, with a higher rate of EHD. Patients receiving HAI were more often treated in the recent period (2003 to 2012) and were more likely to receive preoperative systemic chemotherapy.
HAI
HAI was administered in the adjuvant (ie, postoperative) setting in 653 patients (83.2%) and in the preoperative setting in 132 patients (16.8%). Of the 132 patients who received preoperative HAI, 79 (60%) patients also received adjuvant HAI after complete resection of CLM.
All patients who received HAI also received preoperative and/or adjuvant systemic chemotherapy. Of the patients receiving HAI, During follow-up, 127 patients (16.2%) developed recurrent disease confined to the liver, of whom 63 patients (49.6%) restarted HAI at the time of recurrence. An additional 48 patients were analyzed in the no-HAI group because they received a pump and HAI only at the time of recurrence after the initial resection of CLM.
Overall Survival
For the whole cohort, the estimated median OS was 51 months, with a 5-year OS of 43%, and a 10-year OS of 29%. During follow-up, 1,373 patients (58%) died. The median followup of survivors was 55 months. The study population included 215 actual 10-year survivors. For patients who underwent a resection since 2003, the median OS was 57 months; 5-year OS was 48% and 10-year OS was 37%.
OS for patients treated with HAI was longer than patients without HAI (median OS, 67 v 44 months, respectively; P , .001). Five-year OS for patients treated with HAI versus without HAI was 52.9% versus 37.9%, respectively (P , .001). Ten-year OS for patients treated with HAI versus without HAI was 38.0% versus 23.8%, respectively (P , .001). Median OS was longer for patients with HAI in both the early and late era ( Table 2 ; Appendix Fig A1, online only). Table 2 lists the results of univariate analyses of clinical and pathologic factors and OS. Poor prognostic factors included: age . 65 years, resection before 2003, node-positive primary tumor, increased number of resected tumors, increased size of the largest resected tumor, preoperative carcinoembryonic antigen level . 200, increased CRS, EHD, and positive resection margin. Both HAI and adjuvant modern systemic chemotherapy were associated with a favorable OS on univariate analysis.
Poor Prognostic Factors
The difference in OS between patients with and without HAI remained similar after excluding patients with EHD (median OS, 68 v 46 months; P , .001). Figure 1 demonstrates that the difference in OS remained similar after excluding patients who did not receive modern systemic chemotherapy (median OS, 67 v 47 months; P , .001).
Propensity Score Analysis
The hazard ratio (HR) adjusted by propensity score demonstrated longer OS associated with perioperative HAI (HR, 0.67; 95% CI, 0.59 to 0.76; P , .001). Detailed results of propensity score analysis are listed in Appendix Table A1 (online only) .
Subgroup Analyses
The differences in median OS between patients with and without HAI are listed in Table 2 . HAI was associated with an improved OS in all subgroups except for patients with EHD, a positive resection margin, or a CRS of 4 or 5. In general, the difference was smaller with more advanced disease, such as a CRS of 4 or 5, or 10 or more tumors. Subgroups with a node-negative primary tumor or a low CRS (0 to 2 points) had a pronounced difference in median OS between those treated with and without HAI. Other subgroups with a difference in median OS between patients with and without HAI of . 24 months included: age . 65 years, metachronous tumors, disease-free interval of . 1 year, and four or fewer tumors resected.
DISCUSSION
In this study with 2,368 consecutive patients who had a complete resection of CLM, we found that the median OS for patients treated with HAI was 67 months as compared with 44 months for those treated without HAI (P , .001). In propensity score analysis, the same strong association with OS was found with an adjusted HR for HAI of 0.67 (P , .001).
These results are consistent with our previous phase III trial. 8, 9 In the era of modern systemic chemotherapy, we performed a matched cohort analysis (n = 250) and found that adjuvant HAI was independently associated with improved disease-free survival (HR, 0.39; P , .01). 23 The current study confirms in a much larger and consecutive cohort that HAI is associated with improved OS (67 v 47 months; P , .001) in patients (n = 1,442) who received perioperative modern systemic chemotherapy.
OS for patients in this study without HAI was similar to OS in other large studies without HAI. For example, one of the largest published series on resected CLM is from two centers in the United Kingdom including 2,715 patients between 1987 and 2010. 24 None of these patients received HAI. The median OS was 45 months, which is nearly identical to the 44 months in the no-HAI group (n = 1,583) of the current study. In contrast, the median OS in the HAI group (n = 785) of the current study was 67 months, even though these patients had more advanced disease (eg, 55% high CRS).
In this study we also demonstrated that HAI is associated with improved OS in all subgroups except patients with EHD, a positive resection margin, or a CRS of 4 or 5. In general, the improvement in OS with HAI was smaller with more advanced disease. Patients with node-negative colorectal cancer (n = 908) showed the largest difference in median OS: 129 months for patients with HAI and 51 months for patients without HAI (P , .001). Patients with a low CRS (n = 1,129) had a median OS of 89 months with HAI and 53 months without (P , .001). Patients with fewer than five CLM also had better OS with HAI chemotherapy. These results are promising, because adjuvant systemic chemotherapy failed to prolong OS in patients with fewer than five CLM. 3 We hypothesize that patients whose disease was less likely to progress outside the liver (eg, patients with a low CRS and no EHD) were more likely to benefit from perioperative HAI. Several subgroups (eg, N2 primary tumors) had a smaller but clinically relevant difference in OS with HAI. Patients who are unlikely to benefit from HAI (eg, patients with EHD) should be considered for systemic chemotherapy alone.
Other approaches for HAI used percutaneous catheter placement, a mediport, and other intra-arterial drugs such as oxaliplatin. 25 The main challenges with percutaneous placement for intra-arterial FUDR is to avoid extrahepatic perfusion causing severe ulcer disease and catheter dysfunction due to displacement or occlusion. Goéré et al 26 investigated adjuvant HAI with oxaliplatin instead of FUDR in 44 patients with at least four CLM. They found a promising 3-year DFS of 75%.
Critics of HAI have argued that the OS benefit in our RCT 8 might disappear in the era of modern systemic chemotherapy. However, the current study demonstrates that the associated improvement in OS with HAI of approximately 2 years remained unchanged in the era of modern systemic chemotherapy. A reason for lack of dissemination of HAI is the complexity of HAI requiring multidisciplinary skills and experience. Surgical placement of the pump for HAI after completion of the liver resection requires an estimated learning curve of 25 procedures. 27 Intensive management by the medical oncologist is required to preclude biliary toxicity. 28 Nuclear medicine, interventional radiology, and gastroenterologists are involved in avoiding and managing complications of HAI (eg, bleeding or ulcer disease).
The current study has several limitations. Most importantly, the comparison between patients with and without HAI was nonrandomized, and patients were included over a 21-year period. Differences between treatment groups, however, were addressed with propensity score analysis, demonstrating an impressive HR of 0.67 after adjustment for seven independent poor prognostic factors, including year of resection. Unmeasured prognostic factors could be unbalanced across treatment groups and partly explain the difference in OS. However, patients receiving HAI had more advanced disease, considering the measured prognostic factors. Second, the study covers a period of 21 years including the introduction of irinotecan, oxaliplatin, and targeted treatments. The results of this study demonstrated that the favorable median OS after HAI remained in patients receiving modern systemic chemotherapy (Fig 1) . Third, we did not have data on PET-CT aimed to improve preoperative staging. However, a recent study demonstrated that PET-CT before resection of CLM did not result in frequent change in surgical management. 29 An RCT is needed to confirm that adjuvant HAI in the current era improves OS in patients with complete resection of CLM. The largest association between HAI and OS was found in this study for patients with node-negative colorectal cancer and patients with a low CRS. Confirmation of efficacy is most likely for these subgroups of patients. Future research should also evaluate genomic data (eg, KRAS status) to improve patient selection.
In conclusion, HAI was independently associated with an improvement in median OS of 23 months. This strong association remained in patients who received modern systemic chemotherapy and after adjustment for seven independent prognostic factors in propensity score analysis. Patients with a node-negative colorectal cancer or a low CRS seemed to benefit the most. An RCT is needed to confirm these findings. 
